INTRODUCTION
In a previous report on the electrocardiographic effect of low potassium solu tion on the damaged area of the heart surface , we noted the following results').
Immediately after injury, the ST-elevation was , of course, recorded in the direct unipolar electrocardiogram taken from the injured heart surface . This elevation of the ST-segment was not eliminated even when potassium-free solution was poured on the injured region. As time passed, however, it did not make the ST-elevation whereas the normal Ringer's solution did. Thereafter it was necessary to use samples of higher concentration to produce the ST-elevation as the course progressed ; the concentration of potassium solution was higher to make the ST-elevation. In other words, there exsists a kind of threshold of potassium concentration to produce the ST-elevation and its value rises as time passes after injury. These findings are explained by the supposition that the intracellular potassium was gradually restored after injury, so that the higher concentration was needed to produce the ST-elevation.
As the course of the change in the ST-deviation progressed, there came a transient phenomenon, that in order to produce the ST-elevation a higher concent ration of potassium was needed than the normal threshold level seen in an intact heart; the threshold level of potassium was temporarily higher than normal at the end of recovery. It is, therefore, considered that the injured heart cell may take up potassium more than normal at recovery. That the ratio of intra to extracellular potassium concentration exerts an influence upon the ST-deviation, was shown in the previous experiment.
Then, if the intracellular potassium is possible to increase, the ratio of intra to extracellular potassium must be altered. When the heart, in which the 43 T. Nakamura et al. intracellular potassium increases more than normal, is covered with potassium solution, an altered ratio will occur between intra-and extracellular potassium.
It is reasonably thought that such an alteration of the ratio may have an effect on the ST-elevation , as observed in the case of the decreased myocardial potassium.
Choosing insulin as a way of increasing the intracellular potassium, we at first examined the effect of insulin on the myocardial potassium and secondly studied the electrocardiographic effect of potassium solution on the heart treated with insulin and glucose.
EXPERIMENTAL METHOD
Two kinds of experiments were performed. In the first, a toad's heart was isolated carefully from the body, so as not to be injured. Blood was perfectly excluded. The heart was put into the Ringer's solution of a certain volume which contained 100 mg per dl of glucose and 5 units per dl of insulin, and in which the potassium. concentration was 7 or 4 mEq(L (Fig. 1) After the determination, the heart was blotted gently by a dry filter-paper to remove the solution and tissue fluid , and the weight was measured on torsion balance.
The second experiment was performed as follows . Ten toads were used. Wide exposure was accomplished by removing the frontal chest wall . The per icardium was cut open carefully, so as not to injure the heart surface . Then the heart was poured over continuously by the above-mentioned insulin -glucose Ringer's solution. Meanwhile, the heart surface was often applied with the previously prepared samples of the potassium solutions and the direct unipolar leads were taken through them. A needle electrode wrapped with moist cotton was employed as the different one (Fig. 2) . The indifferent electrode was placed on the right arm. The elevation of the ST-junction was used as a criterion of the deviation of the ST-segment. The samples containing the same constitutents as Ringer's solution except for potassium were prepared, in which the potassium concentration was altered from 4 to 10 mEq/L.
RESULTS

1) Changes in the potassium and sodium concentrations of the insulin-glucose
Ringer's solution after immersion of the heart. Potassium content of the insulin-glucose-Ringer's solution was decreased with time after immersion of the heart, as shown in Fig. 3 . This graph indicates that the isolated heart took up potassium from the solution in the presence of insulin and glucose. It also shows that the heart in the insulin-glucose-Ringer's solution with 7 mEq/L potassium in it took up more potassium than the heart in the solution with 4 mEq/L potassium . Potassium change was calculated from the difference in the concentrations before and after the experiment . In the cases of the insulin-glucose-Ringer's solution containing 4 mEq/L potassium , th e potassium change after experiment was calculated as 2 .4 to 4.3 micro Eq (3.4 micro Eq on the average), and in the cases of 7 mEq/L, 4.3 to 5.5 micro Eq (4.9 micro Eq on the average) was obtained (Tab. I). As to sodium, no uniform changes were observed, as shown in Fig. 4 .
These facts suggest that potassium entered the heart tissue and the intracellular potassium was consequently increased. From this viewpoint, the insulin-glucose-Ringer's solution was considered to be usable for the present study, in which the intracellular potassium is desired to be increased in the heart, and will be discussed later.
2) The electrocardiographic effect of potassium solution on the heart treated with the insulin-glucose-Ringer's solution.
Immediately after the insulin-glucose-Ringer's solution was administrated to the epicardial surface, 6-7 mEq/L potassium solution obtained the ST-ele vation. As time passed and the action of the insulin-glucose-Ringer's solution continued, however, came the moment when the ST-elevation was no longer re corded if 6-7 mEq/L solution was used. Thereafter it was necessary to use samples of higher potassium concentration in order to generate the ST-elevation. At 130 minutes from the beginning, 6-7 mEq/L solution had no effect on et al. the ST-segment, but 8 mEq/L produced the ST-elevation. As time continued to pass, the ST-elevation was obtained by 7 mEq/L and at 175 minutes 6 mEq/L solution, again.
In this figure the white spots represent the ST-elevation and the black ones are used for no ST-elevation.
A boundary curve between these white and black spots may be drawn as seen in the figure. Such curves were obtained in each experiment performed in six cases (Fig. 6 ). On the top side of the curve the ST-elevation is recorded, while in the lower part no ST-elevation is found. This fact shows that there existsts a kind of threshold of potassium concentration to generate the ST-elevation and its value rises as time passes after the administra tion of the insulin-gulcose-Ringer's solution.
After the cessation of the insulin glucose-Ringer's solution, the threshold value was observed to return gradually to the previous level of 6-7 mEq/L. . shows another case of the experiment. In this case, the insulin glucose-Ringer's solution containing 7 mEq/L was used. Immediately after the administration of the insulin-glucose-Ringer's solution, the ST-elevation appeared as when the 7 mEq/L potassium was used itself. 30 minutes after the experiment was begun, however, the ST-elevation was not recorded by 7 mEq/L solution, whereas 8 mEq/L had the effect. After this, the ST-elevation was not recorded as long as 7 mEq/L solution was used. At 50 minutes 8 mEq/L had no effect on the ST-segment, whereas 9 mEq/L had an effect. At 85 minutes the ST-elevation was obtained by 10 mEq/L, and not by 9 mEq/L. of 8 mEq/L potassium solution was able to produce the ST-elevation again. In this case too, it was observed that the threshold value to produce the ST-eleva tion rose as time passed after the administration of the insulin-glucose-Ringer's solution and returned gradually to the previous level after the cessation. The same results were obtained in four cases of 7 mEq/L potassium in the insulin solution, as seen in Fig. 8 .
It was observed that the time-course of the elevated value of potassium to produce the ST-elevation was different in different cases. It varied from 30 to 120 minutes.
The highest threshold of potassium in each case was also different, but it seems to have been higher in the cases of 7 mEq/L potassium in the insulin-glucose-Ringer's solution than in the cases of 4 mEq/L potassium (Tab. II).
When the threshold value rose to 10 mEq/L for instance , the ST-depression was noted as soon as the normal Ringer's solution containing 4 or 5 mEq/L potassium was used. After the threshold value returned to the previous normal level, the normal Ringer's solution did no longer produce the ST-depression. Fig. 9 shows an instance of the relation. This electrocardiographic finding was seen in six cases out of ten. In the two remaining cases, the normal Ringer's solution was not used when the threshold value rose higher. DISCUSSION 1) The chance in the ratio of intra to extracellular electrolytes by insulin. Now in the prescription of the insulin-solution, the concentration of insulin was decided to be 5 units per dl following Manery et al. 16 ) who studied the potassium absorption of a toad muscle by insulin. We added glucose to the in sulin-solution because there is a well known affinity between the glucose and potassium uptake by the cell in which glucose does not enter the cell independent of potassium. As to the concentration of glucose in the insulin-solution, Kaminga et al. put 200 mg per dl of glucose into the solution in which the rat diaphragm was immersed although in the rat the blood sugar content is 120 to 140 mg per dl, and for the toad it is 45 to 65 mg per dl. In our experiment the concentration of glucose in the insulin solution was 100 mg per dl. Because 4 mEq/L potassium solution does not produce the ST-elevation, but 7 mEq/L has definitely a dif ferent effect electrocardiographically, potassium concentration was determined as 4 or 7 mEq/L in the insulin-glucose-Ringer's solution. Because of the above-mentioned reasons, we performed the experiment to see the potassium migration into the heart muscle by action of insulin. When a toad's heart was immersed into the insulin-glucose-Ringer's solution, the potas sium content as time passed decreased in the solution. This fact indicates that the isolated toad's heart took up potassium from the surrounding solution, and it was considered that by the action of insulin the intracellular potassium increased in the heart.
Relating to the problem to what degree the intracellular potassium can increase, there have been only a few reports. It is because there may be physiologically no condition of the increasing intracellular potassium above normal. Crismon et al. 17 found that the heart muscle potassium was raised significantly by the intraperitoneal administration of potassium; the normal heart muscle contains about 40.1 mEq per 100 g of fat-free dry tissue , while it increases to 43-54 mEq after administration . Ernst18) observed in experiments with radioactive potassium that the myocardial potassium increased by 10% on the average in the isolated frog heart perfused with potassium-rich Ringer's solution.
In our experiments, the intracellular potassium was not directly determined .
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It was estimated indirectly from the weight of the heart. According to Jojima and Kuriyama191 potassium in the ventricle of a toad's heart is 99.5 mEq per kg of fresh tissue, excluding extracellular fluid and in the auricle 118.9 mEq per kg. The mean value of the both was adopted by us as the myocardial potassium of a toad. Absorbed potassium by an isolated toad's heart was 4.3 to 5.5 micro Eq (4.9 micro Eq on the average) in the insulin-glucose-Ringer's solution with 7 mEq/L potassium and it showed 2.4 to 4.3 micro Eq (3.4 micro Eq on the average) in the solution containing 4 mEq/L potassium. So the in crease of the myocardial potassium is supposed to be about 10.5% (7.7 to 14.2%) in the former case and 6.0% (3.8 to 10.4%) in the latter. Tab. II shows the relation.
These results show that insulin makes the intracellular potassium increase and at the same time the surrounding solution of the higher potassium content causes the heart to take up more potassium than the lower potassium solution does. It is, therefore, possible that the intracellular potassium is increased, the extracellular potassium decreased, and consequently the ratio of intra to ex tracellular potassium is altered by the administration of insulin.
Next, the effect of sodium must be taken into consideration. Yoshitoshi showed that sodium decreases in the myocardium after the injection of insulin. In experiments with radioactive sodium Fliickiger and Versar20 ) pointed out that the presence of insulin and glucose in Ringer's solution gave a lower sodium content in the muscles as compared with controls in which both were absent. In the intracellular electrocardiogram, as Weidmann and others21) reported, the membrane potential varies with the concentration ratios of sodium and potas sium in extra and intracellular fluids. If a change occurs in the myocardial sodium by administration of insulin, the membrane potential may be changed. In this regard, Creese et al. 22 ) and Zierler23) showed that a decrease of the myocardial sodium and a change of the membrane potential are accompanied with the administration of insulin. Yamamoto24) observed that the potassium rich Ringer's solution did no longer make the ST-elevation in the direct unipolar electrocardiogram of a toad when sodium was increased twice as much in the solution. This result shows that the ST-elevation is not obtained if the ratio of sodium to potassium content is thus increased in the extracellular fluid. Prin zmetal et al. 25) have recently shown that the ST-deviation is related to the altered ratio of potassium to sodium in the extracellular space. These facts suggest that changes may occur in the membrane potential if the intra or extracellular sodium is altered by the administration of insulin.
In our experiments the intracellular sodium was not directly determined.
However, there were not such uniform changes in the sodium content of the insulin-glucose-Ringer's solution, as those seen in potassium. It is considered, therefore, that there is no secondary effect of sodium on the ST-elevation which et al .
was produced by the potassium solution in our experiments .
2) The ratio of intra to extracellular potassium and the effect of potassium solution on the ST-elevation in the heart treated with insulin .
The ratio of intra to extracellular potassium is nearly 150: 5 in the normal heart").
When it shows this value , the ST-elevation does not occur, as seen in the usual normal electrocardiogram . When the external potassium increases, so that the ratio changes to 150: 7 for instance , the ST-elevation occurs, as observ ed in clinical and experimental hyperpotassemia . If the potassium is also in creased in the inside of the cell and consequently the ratio approaches to normal value when the external potassium increases and the ST-elevation occurs , it is theoretically considered that the ST-elevation may be eliminated . Fig. 10 . The time of course of the elevated threshold was different in each case. This may be due to the different response of the individual heart muscle to insulin.
The highest threshold level was also different in each case.
But it seems higher in cases of higher potassium in the insulin-glucose-Ringer's solution than in the cases of the lower, This finding may be related to the fact that the heart in the former took up more potassium than in the latter.
3) The electrocardiographic effect of normal Ringer's solution on the heart when the intracellular potassium is increased. The ratio is nearly 150: 5 in the normal heart. When the intracellular potassium is increased, the external potassium also increased, and consequently the ratio approaches the normal value, the ST-elevation does not occur as The ST-segment is not elevated. The ratio is the as that of a. Refer to the situation c in Fig. 10c . observed in the present study. At that time, if the external potassium does not increase and remains normal, it is reasonably thought that the electrocardio graphic finding ST-depression may be taken for an electrocardiogram of the increased myocardial potassium (Fig. 11) . In this regard, Prinzmetal et al. 25) have recently shown that the ST-depression appeared within 1-2 seconds after injecting 5% glucose solution into the coronary artery immediately after ligation of the vessel, and they explained that this ST-depression was caused by increasing myocardial uptake of glucose and consequently of potassium. Thier observation and its explanation may be related to our finding. SUMMARY and CONCLUSION 1) To examine the effect of insulin on the myocardial electrolytes the iso lated heart of a toad was immersed in the insulin-glucose-Ringer's solution, and potassium and sodium contents of the solution were determined with time by use of a flamephotometory. Potassium content decreased with time. As to sodium, however, no uniform change was observed. This finding shows that the heart took up potassium from the surrounding solution in the presence of insulin and glucose.
2) Another study was performed on the electrocardiographic effect of potassium solution on a heart treated with insulin and glucose. The ventricular surface of a toad was applied continuously with the insulin-glucose-Ringer's solution, the heart was covered with potassium solutions of various concentrations , and the direct unipolar electrocardiogram was taken.
3) Immediately and soon after the administration of the insulin-glucose Ringer's solution, the ST-elevation was obtained by 6-7 mEq/L potassium solu tion, which always produces it in the normal intact heart . As time passed, the ST-elevation was not produced by 6-7 mEq/L potassium solution. It was neces sary to use samples of higher concentration in order to produce the ST-elevation as the course progressed. After the cessation of the insulin-glucose-Ringer's solution, the threshold value of potassium concentration to produce the ST elevation returned gradually to the previous normal level. 4 ) These findings may be explained by the supposition that the intracellular potassium is gradually increased after the administration of the insulin-Ringer's solution and is decreasing after the cessation. In the case of the increased myocardial potassium, the ratio of intra to extracellular potassium plays an important role in the ST-deviation. 5) When the threshold value rose, the ST-depression was noted immediately if the normal Ringer's solution was used. This electrocardiographic finding may be taken for an electrocardiogram of the increased myocardial potassium when the external is normal.
